htap://e* netl.niebs. nih.gov/doa120001108p219-224edmunds/abrac btmnl Teleost sexual differentiation is sensitive and responsive to manipulation by exogenous estrogen and androgen steroid hormones (1) (2) (3) . A variety of environmental chemicals demonstrate intrinsic activity at teleost steroid receptors (4-7) and steroidogenic pathways (8) (9) and therefore could potentially alter normal sexual differentiation and development in feral and laboratory fish populations. Although the induction of the egg yolk lipoprotein vitellogenin in male fish has received attention as a sensitive biomarker for estrogen exposure (10) (11) (12) , relatively few studies have focused on long-term permanent adverse reproductive effects of xenobiotic exposure. Adverse effects noted in the wild include masculinized mosquito fish discovered downstream of kraft mill effluent discharge in a Florida creek (13) and an increased rate of hermaphroditism in roach (Rutilus rutilis) from English riverways receiving sewage treatment water effluent (11) . In the laboratory, feminized testes and formation of a permanent oviduct resulted from aqueous exposure to the xenoestrogen 4-tertpentylphenol (TTP) before and during the period of sexual differentiation in a genetically all-male population of common carp (14) . The formation of testis-ova was demonstrated in male medaka after continuous aqueous exposure to the xenoestrogen 4-nonylphenol from hatching until sexual maturity (15) . In the present study, we test the hypothesis that a onetime exposure to the xenoestrogen pesticide o,p'-DDT administered before gonadal differentiation would permanently alter fish sex differentiation.
We chose the direct microinjection of contaminants into the embryonic yolk as a route of exposure to parallel the maternal transfer of persistent lipophilic contaminants. The significant bioaccumulation and transfer of contaminant loads of organochlorines (DDT and polychlorinated biphenyls) from maternal stores to eggs and subsequent embryos and larvae has been well documented in feral populations of freshwater (16,1?) and saltwater fish (18, 19) and in controlled feeding experiments (20) . The work of Ungerer and Thomas (21) After injections, the eggs were washed for 1 min in 12.5% Hank's buffer, transferred to 24-well plates containing 1 mL Yamamoto's rearing solution, and maintained in controlled conditions. The embryos were maintained at 25°C on a 16 hr light:8 hr dark cycle and monitored daily until hatching. Upon hatching, larvae were fed powdered fry food (Tetramin; Tetra, Melle, Germany) until they were able to feed on flake food and artemia at about 2 weeks ofage.
Quantification and verification ofretention ofmicroinjected contuminants. We used medaka eggs microinjected at fertilization with a nominal concentration of o,p'-DDT for quantification and verification ofretention of the contaminant. At 8 days after fertilization, the o,p'-DDT was extracted from the eggs and measured using gas chromatography. Briefly, the eggs were individually placed in 50-mL glass extraction tubes containing 5 g Na2SO4 in 25 mL dichloromethane. The Figure 3C ), a breeding success rate that did not differ from XX females. Fertilized eggs from XrYR females hatched, producing viable larvae; this indicates a completely functional male-to-female sex reversal. Genotypic females showed no alteration in sexual phenotype, exhibiting both normal female secondary sexual characteristics and successful breeding.
Gonad histology. We histologically examined the gonads of experimental fish to confirm phenotypic sex. In all fish examined, the Figure 4A ), and vehicle-injected XYI? males had normal testes that actively produced sperm ( Figure 4B ). All (6 of 6) o,p'-DDT-treated sex-reversed females (X7'1 females) had ovaries that actively produced maturing oocytes ( Figure 5A ). The one 17p-estradiol-treated male-to-female sex-reversed fish (XA' R female) also had a functional ovary (
Figure 5B male fish that expressed external female morphology. We determined functional sex reversal using mating experiments in which sex-reversed females (X7YI? females) paired with normal males (XATY males) produced fertilized eggs that hatched into viable larvae. The XY7R females had the same breeding success as normal XX' females. Other studies have shown feminization of male fish after aqueous exposures to xenoestrogens during sexual differentiation (14, 15, 33) , but to our knowledge this is the first evidence of functional sex reversal in a fish after xenoestrogen exposure. These adverse reproductive effects occurred at a concentration two times less than the LD50, indicating that the developing larvae are more sensitive to the endocrine effects of o,p'-DDT than to the lethal effects on development. Microinjection of 17,-estradiol also produced male-to-female sex reversal, using the above criteria of external female morphology in a genetic male medaka (29) . Unlike mammals, in which testis differentiation precedes ovarian differentiation, the medaka ovary differentiates before the testis (1) . This later differentiation of the testis as compared to the ovary may point to a window, before differentiation of Sertoli cells, when the undifferentiated gonad of the developing male may be sensitive to estrogenic cues from maternally transferred xenoestrogens.
o,p'-DDT has been demonstrated to be weakly estrogenic in several fish species. Juvenile rainbow trout demonstrate a significant increase in plasma vitellogenin after chronic dietary exposure; however, the response is minimal as compared to the estradiol response, even when a high liver burden (14 pg/g; 14 ppm) was reached (7).
Weak estrogenic activity of o,p'-DDT has also been demonstrated through binding of cytosolic hepatic estrogen receptors in various fish. In rainbow trout, o,p'-DDT competes for hepatic estrogen binding sites, but requires concentrations 156,000 times those required of the synthetic estrogen moxestrol to achieve a comparable response (7) . This estrogen receptor affinity is much lower than in mammalian studies in which o,p'-DDT competitively inhibits binding of labeled estradiol at concentrations 2,000 times that of the synthetic estrogen diethylstilbestrol (26) . Nimrod and Benson (34) showed o,p' -DDT to have no greater competitive activiry than testosterone at the catfish estrogen receptor; they also found no increase in serum vitellogenin levels after intraperitoneal injection. Sumpter and Jobling (11) found vitellogenin induction in trout hepatocytes after exposure to 5 pM o,p'-DDT. Thomas and Smith (4) found o,p'-DDT to have no competitive activity for the spotted seatrout estrogen receptor. It is surprising that although o,p'-DDT demonstrates such weak estrogen activity in fish models, we observed such potent effects on sexual development and organization in our study. One explanation is that during the period of gonadal differentiation, which our model targeted, the larvae are more sensitive to the presence of exogenous estrogens than the adult fish and tissues used in other studies. The potent effects on sexual differentiation demonstrated by the "weak" xenoestrogen indicate that other weak xenoestrogens may have potent endocrine effects in vivo when administered through a maternal route of exposure and that more potent lipophilic xenoestrogens would be expected to show similar dramatic effects at even lower concentrations.
High doses of o,p'-DDT (227 ± 22 ng/egg or 227 ± 22 ppm) were required to achieve permanent male-to-female sex reversal in medaka. Background DDT levels in perch in the Baltic sea have been measured up to 0.8 ppm total DDT and 0.019 ppm o,p' -DDT in whole fish homogenates. In polluted areas of the Baltic sea, measured levels of DDT in perch were 1.4 ppm total DDT and .035 ppm o,p'-DDT (35) . The doses required to achieve lethal effects were higher in our experiments than those reported in wild fish. For a feral population oflake trout exposed to DDT in the wild, a 10-ppm concentration of total DDT in the eggs correlated to a 50% lethal effect (11) . This is 50 times less than the LD50 ( (38) , the triolien oil droplet never fused with the natural oil droplet, indicating some differences in physical properties that could result in different rates and extents to which the contaminant load within the oil droplet becomes bioavailable. The natural oil droplet appeared to be metabolized more rapidly, as seen by a measurement in reduction of diameter by day 5 posthatch, whereas the triolein droplet diameter remained unchanged at day 5 posthatch. Due to the difference in the oil metabolism, a smaller fraction of the o,p -DDT may have been actually bioavailable to the developing embryo; this could contribute to an apparent reduced toxicity.
The time course of the availability of the contaminant to the embryo/larvae correlated well with experimental and wild observations. In maternally transferred DDT in wild trout, no toxicity occurred before hatching (11) . In wild trout, a toxic syndrome developed upon hatching at the time of complete yolk sac absorption. The last stages of yolk sac absorption coincide with metabolism of the triglyceride oil droplets in the yolk. The toxic syndrome manifests itself as a distended air bladder, which caused the trout fry to float upside down on the surface and to eventually die. This syndrome occurred in the last stages of yolk sac absorption immediately before initiation of feeding. No reduction in hatching success was noted throughout the experimental o,p'-DDT dose range. The majority of mortality in the medaka o,p'-DDT experiments occurred between day 6 and day 8 when the yolk sac had been completely absorbed and the natural oil droplet was beginning to be metabolized, as evidenced by a decreasing diameter. By correlating the time to death with the injected oil droplet absorption, we believe that egg microinjection parallels well the dynamics of maternal embryo transfer seen in the wild.
In summary, direct oocyte microinjection provides an in vivo approach that parallels the maternal transfer of lipophilic contaminants and exposes embryos and larvae to contaminants during a sensitive developmental window for sexual differentiation. Sublethal concentrations of the xenoestrogen o,p' -DDT induced permanent and functional male-to-female sex reversal. The data present clear evidence how a weakly estrogenic compound, bioconcentrated and transferred to an embryo, can have significant effects on sex differentiation.
